Introduction
============

Diabetes mellitus (DM) is a disorder of metabolic homeostasis, showing hyperglycemia and altered lipid metabolism caused by dysfunction of pancreatic islets.[@b1-dddt-9-5625] The worldwide prevalence of DM among adults is predicted to increase from 6.4% to 7.7% (\~439 million) in 2030.[@b2-dddt-9-5625] Therefore, development of new drugs for the treatment of DM is important.

Clinically, type-2 DM (T2DM) is more prevalent than type-1 DM (T1DM).[@b3-dddt-9-5625] Insulin resistance (IR) is one of the major disorders in T2DM, with a marked reduction of insulin sensitivity. Induction of IR and development of T2DM-like animal models have been widely investigated in research by feeding high-fat diet[@b4-dddt-9-5625] or fructose-rich diet.[@b5-dddt-9-5625]

Peroxisome proliferator-activated receptors (PPARs) heterodimerized with the retinoid X-receptor, a nuclear receptor, have been shown to be involved in lipid and carbohydrate metabolism after binding to peroxisome proliferator response element.[@b6-dddt-9-5625] All PPARs function mainly as transcription factors,[@b7-dddt-9-5625] and the PPAR family, including PPAR-α, PPAR-γ, and PPAR-δ, has widely been shown to exert regulatory roles in metabolic homeostasis. In particular, PPAR-δ is highly expressed in skeletal muscle, by approximately 10- and 50-fold more than PPAR-α and PPAR-γ, respectively,[@b8-dddt-9-5625] and is involved in obesity-associated IR.[@b9-dddt-9-5625] Many endogenous and synthetic ligands for PPARs have been identified.[@b10-dddt-9-5625] Recently, one study using knockout mice demonstrated that the improvement of glucose homeostasis by telmisartan, an angiotensin receptor blocker, involves selective PPAR-δ activation in skeletal muscle.[@b11-dddt-9-5625] Additionally, chronic administration of GW0742, a selective PPAR-δ agonist, in mice fed high-fructose corn syrup ameliorates the metabolic abnormalities, including IR, in skeletal muscle.[@b12-dddt-9-5625] However, the influence of GW0742 on systemic insulin sensitivity has still not been elucidated. Therefore, we investigated the effect of GW0742 on systemic IR in rats fed a fructose-rich diet.

In diabetes, elevation of blood glucose is a consequence of increased hepatic glucose output in concert with reduced peripheral glucose utilization, and phosphoenolpyruvate carboxykinase (PEPCK) is one of the key enzymes in hepatic gluconeogenesis.[@b13-dddt-9-5625] Additionally, insulin deficiency is clearly associated with a change in hepatic metabolism.[@b13-dddt-9-5625] Moreover, reduction in insulin-mediated glucose uptake caused by decreased expression of glucose transporter 4 (GLUT4) has been reported in diabetic skeletal muscle, a major site for glucose disposal.[@b14-dddt-9-5625] Therefore, we also focused on the changes in PEPCK and GLUT4 expression to evaluate the potential mechanism(s) for the glucose-lowering actions of GW0742.

Materials and methods
=====================

Experimental animals
--------------------

Male Wistar rats weighing 260--280 g were obtained from the Animal Center of the National Cheng Kung University Medical College. All rats were housed individually in plastic cages under standard laboratory conditions. The rats were maintained under a 12-hour light/dark cycle and had free access to food and water. All experiments were performed under anesthesia with sodium pentobarbital (35 mg/kg, intraperitoneal), and all efforts were made to minimize the animals' suffering. The animal experiments were approved and conducted in accordance with local institutional guidelines for the care and use of laboratory animals in Chi-Mei Medical Center, and the experiments conformed to the Guide for the Care and Use of Laboratory Animals, as well as the guidelines of the Animal Welfare Act.

Induction of T2DM by fructose-rich chow
---------------------------------------

Rats were fed a 60% fructose chow (Teklad Laboratory Diets, Madison, WI, USA), named fructose-rich chow, to induce a T2DM-like model showing IR as previously described.[@b5-dddt-9-5625] Tolbutamide (10 mg/kg, intraperitoneal)-induced hypoglycemia was used to characterize the success of induction in this model. The decrease of tolbutamide-induced action was observed in some rats after 4 weeks, and loss and/or marked reduction of responses occurred \~80 weeks later in all rats. We used these animals for further experiments in the present study.

Induction of T1DM by injection of streptozotocin
------------------------------------------------

According to our previous report,[@b15-dddt-9-5625] overnight-fasted rats were intravenously injected with streptozotocin (STZ) (60 mg/kg) dissolved in 0.1 mmol/L citrate buffer (pH 4.5). One week later, blood samples of each rat were used to assay the levels of glucose and insulin. Hyperglycemia and hypoinsulinemia were used to identify the success of this model, as described previously,[@b15-dddt-9-5625] and no mortality was observed during this induction.

Drug treatment
--------------

According to our previous method,[@b16-dddt-9-5625] the stock solutions of agonist GW0742 (Tocris Bioscience, Bristol, UK) or antagonist GSK0660 (Tocris Bioscience) were prepared in dimethyl sulfoxide. A fresh solution diluted with 9% normal saline to the indicated dose was used to treat the animals. To rule out the pharmacokinetic factors, GW0742 was intravenously injected at the indicated dose into animals under anesthesia. Additionally, GSK0660 was similarly injected 30 minutes before the injection of GW0742. The changes were then used to compare with the control, which was treated with the same volume of vehicle.

Laboratory determinations
-------------------------

The determination of plasma glucose was performed according to a previous study.[@b15-dddt-9-5625] Blood samples (0.2 mL) were collected from the femoral vein of rats under anesthesia with sodium pentobarbital (35 mg/kg, intraperitoneal). Blood samples were then centrifuged at 13,000 rpm for 3 minutes, and an aliquot (15 μL) of plasma was added to 1.5 mL of glucose kit reagent (Biosystems SA, Barcelona, Spain) and incubated at 37°C for 10 minutes. The concentration of plasma glucose was measured in an analyzer (Quik-Lab, Ames, Spain; Miles Inc, Elkhart, IN, USA). The determination of plasma insulin was performed using a commercially available enzyme-linked immunosorbent assay (Linco, St Charles, MO, USA).

Identification of IR
--------------------

Development of IR in rats was characterized using the homeostasis model assessment-IR (HOMA-IR). Samples from each rat were analyzed in triplicate, and the results were expressed as microunits per milliliter of plasma insulin. HOMA-IR was then calculated according to the previous method[@b5-dddt-9-5625] as follows: HOMA-IR = fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5.

Hyperinsulinemic euglycemic clamping
------------------------------------

We performed hyperinsulinemic euglycemic clamping according to a previous report.[@b16-dddt-9-5625] After overnight fasting, rats under anesthesia with pentobarbital (35 mg/kg, intraperitoneal) received cannulation in the femoral vein for infusion of glucose and insulin, as well as receiving cannulation in the femoral artery for sampling. Before the experiment, animals were placed in a restrainer to become accustomed to the procedure. In the beginning, rats received infusions of regular human insulin (Novo Industrias, Bagsvaerd, Denmark) at 4 μU/kg/min. Insulin for infusion was diluted with saline containing 0.5% human serum albumin (Baxter International Inc., Deerfield, IL, USA). The plasma glucose was measured immediately using the blood samples (10 μL) collected at 10-minute intervals. The plasma glucose level was then maintained at 5.5 mmol/L by infusion of 20% dextrose (Abbott Laboratories, Abbott Park, IL, USA). At the steady state generated within 70--90 minutes, the blood sample was collected to assay the glucose concentration. After the final sampling (120 minutes later), rats were sacrificed using a lethal dose of pentobarbital (100 mg/kg, intraperitoneal). We calculated the glucose infusion rate (GIR) at the steady state using Steele's equation, as described previously.[@b16-dddt-9-5625]

Analysis of insulin sensitivity
-------------------------------

After fasting overnight, all rats were challenged with exogenous insulin. Similar to our previous method,[@b5-dddt-9-5625] the insulin challenge test was performed by an intravenous injection of 0.5 IU/kg of short-acting human insulin into the rats. Blood samples (0.2 mL) from the femoral vein were drawn at the indicated time points following the intravenous insulin challenge test for the measurement of plasma glucose concentrations. Changes in the hypoglycemic response were used to identify insulin sensitivity.

Western blot analysis
---------------------

The expression of metabolic regulatory signals in skeletal muscle or liver was examined using Western blot analysis as described in our previous report.[@b16-dddt-9-5625] In brief, ice-cold radioimmunoprecipitation assay buffer containing phosphatase and protease inhibitors (50 mM sodium vanadate, 0.5 mM phenyl methyl sulfonyl fluoride, 2 mg/mL aprotinin, and 0.5 mg/mL leupeptin) was used for protein extraction. The protein concentrations were then measured by the bicinchoninic acid protein assay (Thermo Fisher Scientific, Waltham, MA, USA). Total protein samples (30 μg) were subjected to sodium dodecyl sulfate--polyacrylamide gel electrophoresis (10% acrylamide gel) using the Bio-Rad Trans-Blot system and then transferred to membranes. The membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T), incubated for 60 minutes, and then hybridized with primary antibodies specific for PEPCK (Santa Cruz Biotechnology Inc., Dallas, TX, USA) or GLUT4 (Abcam, Cambridge, UK) at suitable concentrations in TBS-T for 16 hours. The membranes were then incubated with secondary antibody for an additional 3 hours. Incubation with secondary antibodies and detection of the antigen--antibody complex were performed using an ECL kit (Amersham Biosciences, Buckinghamshire, UK), and β-actin (Merck Millipore, Billerica, MA, USA) was used as the internal control. After comparing with the marker for specificity, the immunoblots of PEPCK (62 kDa), GLUT4 (54 kDa), and β-actin (43 kDa) were quantified with a laser densitometer.

Statistical analysis
--------------------

Data are expressed as the mean ± standard error of the mean. Statistical analysis was performed using one-way ANOVA analysis and Newman--Keuls post hoc analysis. *P*-value of ≤0.05 was considered significant.

Results
=======

GW0742 decreases IR (HOMA-IR) in diabetic rats
----------------------------------------------

Rats became diabetic models after being fed fructose-rich chow for 2 months. Plasma levels of both glucose and insulin were markedly increased. Plasma glucose increased from 130.03±3.96 mg/dL (n=8) to 135.36±2.64 mg/dL (n=8), and plasma insulin was increased from 30.84±1.4 μU/mL (n=8) to 74.89±4.74 μU/mL (n=8). Therefore, the calculated HOMA-IR was also significantly (*P*\<0.05) increased from 9.91±0.62 (n=8) to 25.06±1.65 (n=8).

Treatment with GW0742 decreased the plasma glucose and insulin levels in the diabetic rats. As shown in [Figure 1A](#f1-dddt-9-5625){ref-type="fig"}, HOMA-IR was also reduced by GW0742 in a dose-related manner. Moreover, this action of GW0742 was reversed by pretreatment with the specific antagonist GSK0660 ([Figure 1B](#f1-dddt-9-5625){ref-type="fig"}).

Hyperinsulinemic euglycemic clamping shows improvement of IR by treatment with GW0742 in diabetic rats
------------------------------------------------------------------------------------------------------

The GIR obtained using the hyperinsulinemic euglycemic clamp is widely applied to identify IR.[@b17-dddt-9-5625] As shown in [Figure 2](#f2-dddt-9-5625){ref-type="fig"}, the GIR was markedly decreased in diabetic rats compared to that in normal rats. GW0742 reversed this decrease of GIR in a dose-related manner ([Figure 2](#f2-dddt-9-5625){ref-type="fig"}). Thus, these data showed that GW0742 improves IR.

GW0742 enhanced insulin sensitivity in diabetic rats
----------------------------------------------------

For understanding the change in insulin sensitivity, we investigated the responses to exogenous insulin as previously described.[@b5-dddt-9-5625] As shown in [Figure 3](#f3-dddt-9-5625){ref-type="fig"}, the hypoglycemic activity of insulin in diabetic rats was also enhanced by GW0742 in a dose-related manner.

Direct effect of GW0742 on glucose homeostasis in type 1-like diabetic rats
---------------------------------------------------------------------------

To understand the direct effect of GW0742 on glucose utilization, we used STZ-induced type 1-like diabetic rats, as described in our previous report.[@b18-dddt-9-5625] Two weeks after injection of STZ, the rats became type 1-like diabetic, showing plasma glucose levels ≥300 mg/dL. Additionally, the plasma insulin in STZ-induced diabetic rats was only 4% or less of that in normal rats. Therefore, mediation of endogenous insulin is negligible in this type 1-like diabetic model as described previously.[@b18-dddt-9-5625]

GW0742 decreased the hyperglycemia in diabetic rats lacking insulin in a dose-dependent manner, as shown in [Figure 4A](#f4-dddt-9-5625){ref-type="fig"}. This inhibition was also reversed by blockade of PPAR-δ using GSK0660 ([Figure 4B](#f4-dddt-9-5625){ref-type="fig"}). Therefore, these data indicated a direct effect of PPAR-δ activation on glucose homeostasis.

Following our previous method,[@b18-dddt-9-5625] protein levels of GLUT4 in skeletal muscle and PEPCK in the liver of these diabetic rats were determined. After daily treatment of GW0742 at an effective dose for 1 week, the liver and soleus muscle were removed, frozen in liquid nitrogen, and stored at −70°C until determination by Western blotting analysis. As shown in [Figure 5](#f5-dddt-9-5625){ref-type="fig"}, the decreased GLUT4 expression in the soleus muscle of diabetic rats was reversed by GW0742 in a dose-related manner. Additionally, the increased hepatic PEPCK level in diabetic rats was also markedly reduced by GW0742 in a same manner ([Figure 6](#f6-dddt-9-5625){ref-type="fig"}).

Discussion
==========

The present study showed that the IR induced in rats receiving fructose-rich chow was improved by GW0742 through activation of PPAR-δ. Insulinotropic action of GW0742 was also identified in diabetic rats lacking insulin. Therefore, these data suggest that activation of PPAR-δ by GW0742 may help the treatment of diabetic disorders in animals.

GW0742 is known to be an activator of PPAR-δ,[@b19-dddt-9-5625] and it can increase the expression of PPAR-δ.[@b20-dddt-9-5625] Therefore, GW0742 is widely used as an agonist of PPAR-δ in research. This study showed that GW0742 reduces HOMA-IR in diabetic rats fed a fructose-rich diet. This action was markedly reversed by GSK0660 at the dose sufficient to block PPAR-δ.[@b21-dddt-9-5625] Thus, these data indicate that activation of PPAR-δ improves systemic IR. Additionally, a hyperinsulinemic euglycemic clamp was applied to assay the IR because this is the most reliable method used in animal studies.[@b22-dddt-9-5625] GW0742 improved the decreased GIR in a dose-related manner, and this result verified that GW0742 improves IR in vivo. Moreover, insulin sensitivity in diabetic rats was also enhanced by GW0742 in a dose-related manner. Taken together, these data suggest that GW0742 increases insulin sensitivity to improve IR in diabetic rats fed fructose-rich chow. These new findings are consistent with a recent report showing that GW0742 ameliorates IR in mice fed high-fructose corn syrup.[@b12-dddt-9-5625] Therefore, PPAR-δ shall be considered a new target for the development of drugs to treat IR.

Increase in insulin sensitivity is mainly induced by the enhancement of insulin signals.[@b23-dddt-9-5625] PPAR-δ belongs to the nuclear receptor family,[@b7-dddt-9-5625] but the integration of nuclear receptors with insulin signals is still unclear. Details of this enhancement at the cellular level will be investigated in the future. However, hyperglycemia can be reduced by means other than increasing insulin sensitivity. Agent(s) unrelated to insulin can lower blood glucose, which is an insulinotropic action; incretin[@b24-dddt-9-5625] and some herbal products[@b25-dddt-9-5625],[@b26-dddt-9-5625] may have this ability. Therefore, it will be important to determine whether GW0742 possesses insulinotropic action.

In the type 1-like diabetic rats, bolus injection of GW0742 decreased hyperglycemia in a dose-dependent manner. Mediation of endogenous insulin is negligible in this animal model[@b18-dddt-9-5625] because pancreatic cells are mostly damaged by STZ at the treatment dose, thereby suggesting an insulinotropic action of GW0742. Additionally, this action of GW0742 was also blocked by GSK0660 at the dose sufficient to block PPAR-δ.[@b21-dddt-9-5625] Thus, activation of PPAR-δ by GW0742 to produce its insulinotropic action is plausible. However, it has been documented that oral intake of GW0742 did not modify the blood glucose level either in diabetic rats[@b27-dddt-9-5625] or in diabetic mice.[@b28-dddt-9-5625] This difference seems related to the pharmacokinetic factors because GW0742 is effective through intravenous injection in the present study. Therefore, the pharmacokinetic parameters shall be concerned as GW0742 is going to be applied for oral administration. Moreover, the decreased expression of GLUT4 was reversed by GW0742 in skeletal muscle isolated from the type 1-like diabetic rats. A decrease in insulin-mediated glucose uptake caused by lower expression levels of GLUT4 has been documented in the skeletal muscle, a major site for glucose disposal, of diabetic animal models.[@b14-dddt-9-5625] Additionally, the improvement of glucose homeostasis by telmisartan, an angiotensin receptor blocker, has been characterized through selective PPAR-δ activation in skeletal muscle using knockout mice.[@b29-dddt-9-5625] Therefore, PPAR-δ activation in skeletal muscle is important for the reduction of hyperglycemia, especially the reversion of reduced GLUT4 expression, which promotes glucose uptake.[@b26-dddt-9-5625] Importantly, this new finding has not been previously reported. However, it has been documented that GW0742 failed to modify the mRNA level of cultured human myotubes.[@b30-dddt-9-5625] Therefore, the effect of GW0742 on basal GLUT4 expression in skeletal muscle shall be investigated in the future.

Hyperglycemia is a consequence of increased hepatic glucose output in concert with reduced peripheral glucose utilization in diabetes, and PEPCK is one of the key enzymes involved in the regulation of hepatic gluconeogenesis.[@b13-dddt-9-5625] Moreover, insulin deficiency is clearly associated with a change in hepatic metabolism.[@b13-dddt-9-5625] In the present study, we identified increased PEPCK expression in the liver isolated from type 1-like diabetic rats. Treatment with GW0742 attenuated the higher expression of hepatic PEPCK in a dose-related manner. It has been documented that PPAR-δ functions as a nuclear sensor of dietary fats, capable of modulating immune response through regulation of metabolic programs in liver.[@b31-dddt-9-5625] However, modification of PEPCK protein levels by PPAR-δ has not been previously demonstrated. Therefore, this study shows that GW0742 has the ability to influence hepatic gluconeogenesis through reduction of PEPCK protein levels. This result is consistent with a previous report in mice using the identification of mRNA levels of PEPCK.[@b32-dddt-9-5625] Although the mechanism for this inhibition is unknown and will be investigated in the future, this study indicated that the hepatic action of GW0742 is related to the production of insulinotropic action in animals.

Conclusion
==========

In conclusion, the data obtained suggest that GW0742 has the ability to improve IR, in addition to the insulinotropic action in diabetic rats through activation of PPAR-δ. Therefore, PPAR-δ is a good target for the development of drug(s) to treat diabetic disorders.
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![GW0742 changes HOMA-IR in diabetic rats.\
**Notes:** (**A**) The dose-related inhibition of HOMA-IR induced by GW0742 in rats fed fructose-rich chow, and (**B**) the influence of PPAR-δ blockade induced by GSK0660. The HOMA-IR was calculated as described in the Methods section. Values (mean ± SE) were obtained from groups of eight animals each. ^\*^*P*\<0.05 compared with vehicle-treated group.\
**Abbreviations:** GW0742, selective PPAR-δ agonist; HOMA-IR, homeostasis model assessment-insulin resistance; PPAR, peroxisome proliferator-activated receptor; SE, standard error.](dddt-9-5625Fig1){#f1-dddt-9-5625}

![Changes in the GIR induced by GW0742.\
**Notes:** The data from the diabetes model induced by fructose-rich chow are shown as Model, and data from the treatment of GW0742 are shown as Model + GW0742 at the indicated dose. Additionally, changes in normal rats were used for comparison with the vehicle-treated diabetic rats (Model + vehicle). The GIR was calculated as described in the Methods section. Values (mean ± SE) were obtained from groups of eight animals each. ^\*^*P*\<0.05 compared with Model + vehicle and ^\#^*P*\<0.05 compared with the vehicle-treated normal rats (Normal rat).\
**Abbreviations:** GIR, glucose-infusion rate; GW0742, selective PPAR-δ agonist; PPAR, peroxisome proliferator-activated receptor; SE, standard error.](dddt-9-5625Fig2){#f2-dddt-9-5625}

![Changes in insulin sensitivity induced by GW0742 in diabetic rats.\
**Notes:** Data from the diabetes model receiving vehicle treatment are shown as Vehicle, and data from the GW0742-treated diabetic rats are shown as GW0742 at the indicated dose. The insulin sensitivity was assessed as described in the Methods section. Values (mean ± SE) were obtained from groups of eight animals each. ^\*^*P*\<0.05 compared with the vehicle-treated diabetic rats.\
**Abbreviations:** GW0742, selective PPAR-δ agonist; PPAR, peroxisome proliferator-activated receptor; SE, standard error.](dddt-9-5625Fig3){#f3-dddt-9-5625}

![Effect of GW0742 on the plasma glucose levels in type 1-like diabetic rats.\
**Notes:** (**A**) Changes of plasma glucose induced by GW0742 in streptozotocin-induced diabetic rats, and (**B**) the influence of PPAR-δ blockade by treatment with GSK0660. The plasma glucose was measured as described in the Methods section. Values (mean ± SE) were obtained from groups of eight animals each. ^\*^*P*\<0.05 compared with the vehicle-treated diabetic rats.\
**Abbreviations:** GW0742, selective PPAR-δ agonist; PPAR, peroxisome proliferator-activated receptor; SE, standard error.](dddt-9-5625Fig4){#f4-dddt-9-5625}

![Changes of GLUT4 expression induced by GW0742 in the soleus muscle of type 1-like diabetic rats.\
**Notes:** Changes of GLUT4 expression in STZ-induced diabetic rats are shown as STZ for comparison with the changes in normal rats, Normal. Additionally, effects of GW0742 on diabetic rats are shown as STZ + GW0742 at the indicated dose compared to diabetic rats that received vehicle only (STZ + vehicle). Representative immunoblots are shown in the upper portion, and the relative expression levels of GLUT4 are shown in the lower column (mean ± SE) obtained from groups of six samples each. ^\*^*P*\<0.05 compared with STZ + vehicle.\
**Abbreviations:** GLUT, glucose transporter; GW, GW0742; GW0742, selective PPAR-δ agonist; PPAR, peroxisome proliferator-activated receptor; SE, standard error; STZ, streptozotocin.](dddt-9-5625Fig5){#f5-dddt-9-5625}

![Changes in PEPCK expression induced by GW0742 in the liver of type 1-like diabetic rats.\
**Notes:** Changes of PEPCK expression in STZ-induced diabetic rats are shown as STZ for comparison with the changes in normal rats, Normal. Additionally, the effects of GW0742 on diabetic rats are shown as STZ + GW0742 at the indicated dose compared to diabetic rats that received vehicle only (STZ + vehicle). Representative immunoblots are shown in the upper portion, and the relative expression levels of PEPCK are shown in the lower column (mean ± SE) obtained from groups of six samples each. ^\*^*P*\<0.05 compared with STZ + vehicle.\
**Abbreviations:** GLUT, glucose transporter; GW, GW0742; GW0742, selective PPAR-δ agonist; PEPCK, phosphoenolpyruvate carboxykinase; PPAR, peroxisome proliferator-activated receptor; SE, standard error; STZ, streptozotocin.](dddt-9-5625Fig6){#f6-dddt-9-5625}
